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Abstract 

Studies in nuclear and atomic physics have played an important role in developing our under- 
standing of the Standard Model of electroweak interactions. We review the basic ingredients of 
the Standard Model, and discuss some key nuclear and atomic physics experiments used in testing 
these ideas. We also summarize the conceptual issues of the Standard Model that motivate the 
search for new physics. 



1 



I. INTRODUCTION 



The quest for a unified description of all known forces of nature is something of a "holy grail" 
for physicists. At present, we possess a partial description, known as the Standard Model^]. 
In a nutshell, the Standard Model (SM) is a unified gauge theory of the strong, weak, and 
electromagnetic interactions, the content of which is summarized by the group structure 

SU(3) C x SU(2) L x U(l) y , (1) 

where the first factor refers to the theory of strong interactions, or Quantum Chromody- 
namics (QCD), and the latter two factors describe the theory of electroweak interactions. 
Although the theory remains incomplete, its development represents a triumph for modern 
physics. Historically, nuclear and atomic physics have played an important role in uncov- 
ering the structure of the strong and electroweak interactions. In this series of lectures, I 
will attempt to give you some sense of that history, as well as some feel for the parts being 
played by nuclear and atomic physics in looking for physics beyond the SM. I will focus on 
the electroweak sector of the theory, though you should keep in mind that studies of QCD 
constitute one of the primary thrusts of nuclear physics today. 

Before delving into the details of the SM, it is important to appreciate just what an achieve- 
ment Eq. (JTJ) represents. One way to do this is to consider some of the basic properties off 
the four forces of nature. 
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In addition to this seemingly disparate set of characteristics, each of the forces has some 
unique features of its own. For example, the gravitational and EM interactions get weaker 
the farther apart the given "charges" are, whereas the strong interaction behaves just the 
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opposite, as the distance r increases, as grows. This feature is related to the fact that one 
never sees individual unbound quarks and that strong interaction effects at distance scales 
at about 1 fm are hard to compute. 

Another set of unique features has to do with how each interaction obeys different "discrete" 
symmetries: 
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A simple way to visualize these symmetries is as follows. A parity transformation (P) involves 
an inversion of a physical system through the origin of co-ordinates. This inversion can be 
completed in two steps. First, reflect the system in a mirror. Second, rotate the reflected 
system by 180° about the normal to the mirror. However, since fundamental interactions 
are rotationally invariant (angular momentum is conserved), we may omit the second step. 
Thus, a parity transformation is essentially a mirror reflection. Note that the "handedness" 
of a particle - the relative orientation of its momentum and spin - reverses under mirror 
reflection. A time reversal transformation (T) amounts first to thinking of a physical process 
as being like a movie. Under T, the movie is run backwards through the projector. Finally, 
a charge conjugation transformation (C) turns a particle into its antiparticle. 

Here's how the different interactions rate with respect to these symmetries: 
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Clearly, the weak interaction is a flagrant symmetry violator, whereas the strong interaction 
and EM interactions respect P,C, and T individually. So how can it be that all three forces 
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fall into a unified model? 

Given these differences, it is truly remarkable that physicists have figured out how to describe 
three out of four forces in a unified theory. It's a highly non-trivial accomplishment. 
Now lets look in detail at the essential elements of the electroweak part of the Standard 
Model. 

II. BASIC INGREDIENTS OF THE STANDARD MODEL 

The essential building blocks of the electroweak sector of the Standard Model are the 
following: 

1. Gauge Symmetry gauge bosons, parity violation 

2. Representations -<=>- bosons and quarks 

3. Family Replication, mixing and universality •<=>- CP Violation 

4. Spontaneous Symmetry Breaking •<=>- Higgs Boson, Mz, Mw /=0 



A. Gauge Symmetry 

Lets start with the more familiar case of the electromagnetism and see how the properties 
can all be derived from the principle of gauge invariance. 
Consider the Dirac equation for a free electron: 

(i0-m)^ = O . (2) 

Suppose we now make the local transformation: 

i){x) -> ?P(x)e ia{x) = if/(x) . (3) 

This is called a U(l) transformation. 

The Dirac equation is not invariant under this transformation. If ip' satisfies (J2J) then one 
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has: 

(ift-m)e ia{x) ip = (ift-m)<ip-<ipfia = . (4) 
To make (J2J) invariant under one can replace d M by the covariant derivative D^: 

Dn = dp- ieA^ , (5) 

where is a gauge field identified with the photon. We require to transform in such 
away as to remove the unwanted term in (J3J). 

Afj, — > A'^ = A^ + -d M a (6) 

when ^ — > ifj' = e ia ifj 

Thus, we obtain a new Dirac equation: 

{tip - m)^ = . (7) 

Under a gauge transformation, one has 

(iip'-m)^' = — > 

= — iefl'fj) — rn]ip' = [i(ft — iefl^ — i$a) — m]tp 

= e ia [i($ - iefl) -m\%j) + e ia ($a)^ - e ia (0a)ip 

= e ia [iip - m)ifj = . (8) 

Cancelling through the e lOL yields 

(tip - m)V> = if (ip' - m)i)' = . (9) 

One recognizes the replacement of <9 M — > = <9 M — ieA^ as the usual minimal substitution 
that gives us the interaction of the electrons with the vector potential in quantum mechanics. 
Apparently, requiring the Dirac equation to be invariant under U(l) gauge transformation 
(J3J) and (jHJ) leads to a familiar result from quantum mechanics. 

This idea can be generalized to other symmetry transformations. A simple generalization is 
a group of transformations called SU(2). Let's define the following matrices: 
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Tr l'?^ = li 
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One defines a group of transformations - called SU(2) - whose elements are: 



U(a) 



where 



a(x) = a 2 (x), a 3 (x)) 

t = (t u t 2 ,t 3 ) , 

with the CKj's being a continuously varying function of x M = The transformations 

U( a ) act on a two component vector. For example, let 
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denote a lepton wavefunction 1 . Then under the transformation (fTTj) 



(13) 



In order for the Dirac equation to be invariant under ()13j) . one must define a new gauge 
covariant derivative for SU(2): 



D^ = d^- ig T - ■ , 



where g is an SU(2) analog of electric charge and 

w, = {wlwlwl) 

is a set of 3 fields analogous to A yi . It turns out that if transforms as 



(14) 



(15) 



(16) 



1 Here, ip v e are four-component Dirac spinors. 
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when 

% -> U(a)% = (17) 

then the Dirac equation for ^ and ^ e will be invariant under the transformations (|13|) and 
(Hi): 

(<^ + y-j-^-M)*i = • (18) 

Note that the extra term in the transformation law for W l v - the e^ k ajW k term - is a 
consequence of the fact that this group of transformations is non-Abelian, that is Tj and Tj 
do not commute. 

Note also that in Eq. ()18j) we have introduced a mass term (M) , whose origins I will discuss 
later. 

As in the case of the U(1)em gauge held A^, which we corresponds to the photon, the SU(2) 
gauge fields W % v should also be associated with spin-one particles. To identify the character 
of these particles, first define: 
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andW±=±(Wl±iWZ). Then 

t-W, = V2(t + W^ + t^W+) + t 3 W; . (19) 

Now 

In short, acting with r + on the lepton wavefunction transforms an electron wavefunction into 
one for a neutrino: i/) e — > i\) v . Similarly, 

ll o) Uj L„ ' ' (21) 



This turns a neutrino into an electron: ip u — > ip e . One can represent the action of f ■ on 
in Fig. □ 




e 



FIG. 1: Charge raising weak interaction current. 



From the fact that weak interactions turn e <-> v, one is lead to identify the fields with 
the W ± particles. 

It would be tempting to identify the with the Z° boson. However, it turns out to be 
impossible to do that and end up with the right masses for the W /± and Z° bosons. Moreover, 
since there exists another neutral boson - the massless photon, 7 - one needs two neutral 
fields to make the Z° and 7. A nice way to produce both bosons is to mix the with 
another gauge boson - called - that transforms as a singlet under SU(2) transformations. 
In short, (W^Bj^iA^Zj. 

Before fleshing this idea out, however, we need to revisit the parity transformation discussed 
earlier. To that end, let's define: 

^ = ^(1-75)^ (22) 

= ^(1+75)^ • (23) 

One can show that if ip is massless, then ipL always has negative helicity and ipR always has 
positive helicity. 
In short: 

ipL '■ h = s ■ p = — 1 
if} R : h = s -p = +1 
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Under a parity transformation, s-p changes sign which is equivalent to saying that ipi 4>r- 
One knows that processes like //-decay or /3-decay, the neutrinos always come with helicity 
h—-l, which implies parity symmetry is broken. Only left handed particles participate in 
these types of weak interactions. 

Since the interactions of with leptons arises in Eq. (|18|) because of SU(2) invariance, 
and one needs only left handed particles to have interactions with the W^, one must modify 
the transformations rule: 

SU(2) - SU(2) L 

tff -> U(a)Vf (doublet) 
^ -> ^e R (singlet) . 

In short, only left-handed particles undergo SU(2) transformations, while right-handed par- 
ticles are unaffected. Thus, the Dirac equation for ip eR — |(1 + "i^jipe is unchanged under 
SU(2)l so there is no need for the "r* • term to maintain invariance. Hence, one has the 
SU(2)x, in SU(2)l x U(X)y- Note that we have not included a transformation ip lJR in the 
list of transformations. The reason is that prior to the discovery of neutrino oscillations, 
right-handed neutrinos were not observed to participate in low-energy weak interactions. 
Now back to the Z° and 7. Nature gives us four bosons in the electroweak interaction: two 
charged particles (W*) and two neutral particles (Z°, 7). So far, we have identified two 
charged and one neutral gauge boson. We need to include one more neutral gauge boson 
having no accompanying particles. The way to accomplish this is to introduce one more set 
of U(l) transformations: 

Y 

d» -> d^-ig'—Bf, 

Here Y is called hypercharge (to distinguish it from the general EM charge). Now the Dirac 
equation for electrons and neutrinos is the following: 

(ip + ! 7* ■ W + i>Yp - M)*f = (24) 
(i jd+^Y#-m e )iP? = . (25) 
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Rewriting (J2U) slightly: 



+ \t^ z + 9 -Y$-M\^\ = . (26) 

Now to get EM interactions for both the cr and and to make sure the W ± and Z° are 
different in mass, one needs the Z° and 7 to be linear combinations of the W3 and B. One 
can accomplish this by utilizing a unitary transformation: 



cos — sin $w 
sin # w cos 6^ 



(27) 



The angle 8\y is a supremely important parameter in the electroweak standard model. It 
is called the "Weinberg angle", or "weak mixing angle". Inverting (j2*7|) . one can substitute 
into (|21|) and (J25J) for W 7 ^ and 5 M to obtain: 
Left-handed leptons: 

r 3 F 
+ (gsm6 w — + g'cos6 w — )4 



+ (^cos%|-^sin^|)^°-M]^f = (2* 



Right-handed leptons: 



(g'co S 9 w ^)4 - (g'sm6 w ^)?° - m e }^ eR = (29) 

In order to restore the original EM gauge transformation law, one needs to identify: 

g' cos @w-^- — e Q (30) 
gsin9 w ^ + g'cos9 w ^- = eQ . (31) 

This works if one takes: 

g' cos 6 W = g sin 6 W = e 

Y R = 2Q (32) 
Y L = 2{Q - T 3 L ) 
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where T 3 L *f = (r 3 /2)$f . 
From Eqs. (}3*2~j) one also has 



singly = - and tan#vy = — • (33) 
9 9 

Thus, the SU(2)l and \J(1) em interactions depend on three parameters: 



g,g', and sin^^y 
or 

g,e, and sin 9w 
etc. 



Lastly, let's rewrite our Z° couplings by eliminating g' in terms of g and sin6w'- 
For the right handed sector: 

= - g ^Q . <£L (34) 
2 cos tV cos 

For the left handed sector: 

#cos6V— - # sm^— = 

r 3 sin 2 fl^ r 3x 

gcos9 w — - g — (Q - — 

2 cos Qw 2 



— i—(T 3 L - sin 2 9 W Q) = 
cos 6V 

~\-Ql , (35) 

COSfcV 

where QYr denote the left- and right-handed "weak charges" of the leptons. To summarize, 
then, we have: 

n(l w 

+ eQ4 + - m e }^ eR = (36) 

COS t>w 

[i@ + eQ4 + -^Z (37) 
cos W 

+ JL( T+ W-+T-W + )-M}^ = , (38) 

where 

9 = -^r (39) 
sin v w 

Q% = - sin 2 9 W Q (40) 
QY = T 3 L - sin 2 6 W Q . (41) 
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B. Representations 



The assignment of different SU(2)l and U(l)y transformation properties to left- and right- 
handed fermions is called a choice of representations. Left-handed fermions are assigned 
to a doublet representations of SU(2)i; right-handed fermions transform under the singlet 
representation. 




vr e R 



doublet singlet singlet 

Note that although the ur transforms as a singlet, it has no weak interactions according to 
Eq. (|4(Jj) since its electromagnetic charge is zero. 

One can make the same assignment for quarks: 




doublet singlet singlet 

Note that unlike the the right-handed neutrinos, both right-handed quarks have weak 
interactions since Q u ^0 and Qd^O 



C. Family Replication, Universality, and Mixing 

Of course electrons, neutrinos, up quarks, and down quarks are not all the elementary 
leptons and quarks. They constitute the first generation. The remaining are assigned to the 
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second and third generations: 



Second: 




f^R, C R, S R 



Third: 





1 1 











tr, tR, b R 



This repeated pattern of assignment is called fermion family replication. 

An important feature of the standard model is that for each family, the structure of the 
interactions with gauge bosons is the same. In other words, there is a family universality. 

Moreover, the overall strength of the charged current interactions and neutral current inter- 
actions is set by the same parameter, g. This feature is known as charged current /neutral 
current universality. 



Now this nice pattern of universality gets somewhat clouded for quarks because the quark 
eigenstates of the weak interaction can different from the quark eigenstates of the mass 
operator. The origin of this effect has to do with how the electroweak symmetry is broken, 
as discussed below. The relationship between the two sets of eigenstates can be expressed 
by letting each negative charged quark weak eigenstate be written as a linear combination 
of the three mass eigenstates: 

(42) 



WEAK 



MASS 
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where V is a 3 x 3 matrix known as the Cabbibo-Kobayashi-Maskawa (CKM) matrix^. In 
general, it is unitary and parameterized by 3 angles and a phase. 

It turns out that one need not to write a similar relation for the positive quarks for algebraic 
reasons that will not be discussed here. To illustrate, then, the weak quark doublet of the 
first generation is: 



u 



d 



d = V n d + V l2 s + V 13 b 



with 



^iii 2 + |Vi2r + i^3i 2 = i 



(43) 



following from the unitarity of V . 



Then the T + ]flf term in the Dirac equation leads to the transitions shown in Fig. |21 






FIG. 2: Transition diagrams 



The parameters Vij are not known a priori, but rather must be set by experiment. The 
most precise determination of any of the V„ comes from a nnclear experiment - namely, 
nuclear /3-decay|3j], from which one extracts a value for Vn. 
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The study of the CKM matrix is an important component of electroweak physics. Unfortu- 
nately, we will not be able to discuss these studies in any detail in these lectures. However, 
a few comments are worth making here: (i) The elements of V are often labeled by the 

relevant charged currents transition: 

V u -> V ud 

v 12 - v us 

etc. , 

that is, the element Vu governs the strength of the transition d — > u + W~ , etc. (ii)The 

phase in the matrix e lS is responsible for CP-violation. In order for such a phase to appear 
in V, one needs at least 3 generations of massive quarks, (iii) For m u =0 as assumed by 

the Standard Model, there is no CKM matrix for leptons. The neutrinos weak and mass 
eigenstates are identical, and that is enough to evade the need for a CKM mixing matrix. 
However, now that neutrino oscillations have been observed and we know neutrinos have 
mass, we are forced to write down an analog of the CKM matrix for leptons. The study of 
the corresponding mixing angles and phase (s) are now a topic of intense study in nuclear 
and particle physics 2 , (iv) The neutral current interactions are independent of the V^-, and 

they entail no transitions among quark generations. In short, the Standard Model forbids 
flavor changing neutral current (FCNC) at lowest order in g. 

D. Spontaneous Symmetry Breaking, Mass Generation, and the Higgs 

So far not much has been said much about quark, lepton, and gauge boson masses. Naively, 
one might think that simply putting in mass operators into the Dirac equation as in Eqs. 

2 If neutrinos are Majorana particles, there exist additional CP violating phases beyond the single phase 
associated with mixing of three generations of massive Dirac particles. 
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(|28I29|) would take care of fermion masses. However, life is more complicated than that. One 
needs to work with the Lagrangian from which the Dirac equation is derived: 

L = ip(iB - m)ip . (44) 

It is straightforward to show that the mass term has the following decomposition: 

rmpip = m^L^R + mipRipL ■ (45) 

Now, under SU(2) L we have: 

ipL (^'Hl (46) 

^R ^ , (47) 

so that the mass term breaks SU(2)l invariance in the Lagrangian. A similar problem arises 
for the gauge bosons. For a massless gauge boson like the 7, the Lagrangian is given by: 

L, = -\f, u F^ , (48) 

where 

Fya/ — [Dp, D v \ = d^A v — d u Afj, . (49) 

Since is built from D^s, it is manifestly gauge invariant. Similarly, one could write down 
an SU(2)^ gauge- invariant Lagrangian for the weak gauge bosons in the limit that they were 
massless: 

1 3 

l gb = —J^f; v f^ , (50) 

a=l 

where 

K» = W ~ d "K + 9e abc WlW c v (51) 

The extra term in F^ v is needed to maintain invariance under the non-Abelian transformation 
f!16|) . To get the masses for the W ± and Z°, one would naively think to add the mass term: 

L M = ]-M 2 W a ^W^ a (52) 

to ([5 0|). However (|52|) is again not invariant under (jl6j) . Since our goal is to write a La- 
grangian having SU(2)^xU(l)y gauge symmetry, adding mass terms as in (J43|) and (|52j) 
would be a disaster. How then, do we give particles their masses? The resolution is the 
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so-called Higgs Mechanism 



Q- 



The idea is introduce a new particle described by a two 




component vector which transforms as a doublet under SU(2)l: 

(53) 

= 1 . (54) 

Using $, we add new terms to the gauge boson (GB)-fermion(F) SU(2)iX U(l)y invariant 
Lagrangian: 

L = L GB + L f + L H + L Y , (55) 

where Lqb is given by (|5U|) for both the W£ and and Lj is given by (|44j) with the mass 
term removed. The new terms are: 

L H = (D^y(D^) - (56) 
= -// 2 $t$ + A($ t $) 2 (57) 
= - z</£ • W, - tg'jB^ , (58) 



and 



where 



L Y = /( £ )^f$^f + /Mtf + fWyfe^R , (59) 



$ = ZT2 $* and F($) = -1 . (60) 
There are a few observations to make: (1) The terms in Lh and L/ are all invariant under 
SU(2)iXU(l)y transformations. 

(2) The first term in (J56)) involves interactions of the type: 

g z&L. . ^$ + g'^B^B^ (61) 
plus cross terms involving f • and _B M . 

(3) The potential V(<E>) has a minimum for $ /=0 if /i 2 , A > 0. Specifically, the minimum 
occurs for $t$ = /i 2 (2A). The field $ likes to sit at this point. It is energetically favorable 
to do so. That means the expectation value of $ in the ground state of the universe, that 
is, the vacuum, should be non-zero: 

<0|$|0>^0 . (62) 
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In short, $ has a non-zero expectation value (VEV). One can arrange things to put < 0|$|0 > 
at the minimum of the potential by taking 




< o|$|0 >= $ = I ^ I 7^0 (63) 
and letting 

$ = $ + 5$ , (64) 

where 5$ denotes fluctuations of this field, called the Higgs field, about <J> - Now observe 
what happens if one substitutes (JMj) into (J6T]) one obtains 

T t 9 2 {WlW^WlW^) 



{gWl - g'B,)(gW» 3 - g'B») + 0(5$) 

^(2g 2 WlW^ + (g 2 + g' 2 )Z,Zn + Om . (65) 



Note that these terms look suspiciously like mass terms if makes the identifications: 

V -^f = M 2 v and % ^{g 2 + g' 2 ) = M 2 (66) 



Mw 9 a (R ^\ 

-wri/TW w • m 

The beauty of this idea is that (a) one gets the masses for the W ± and Z° without spoiling 
the SU(2)x,xU(l)y invariance of the Lagrangian, and (b) the photon stays massless. One 
says that the SU(2)^x U(l)y symmetry is spontaneously broken by the vacuum down to 
U(1)ba/ by giving the Higgs a vacuum expectation value: 

SU(2) L x U(1) Y -> U(l) EM ■ 

Similarly one will notice from the Lagrangian Ly that leptons and quarks get masses from 
$o without spoiling the SU(2)lX U(l)y invariance of the fermion part of the theory. 

Now, there is one last important observation. The gauge boson masses, 6w, e, g, g' and v 
are all inter-related. In fact, only three of these parameters are independent. Once three 
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parameters have been specified the others are now determined. For example, we may choose 
the gauge boson masses and EM charge as the independent parameters. Then the other 
parameters are determined as follows: 

M w 



(M w ,M z ,e) -> cos6 



M 



z 



9 = -V ^ 
sin V w 

2 M^Ml-Ml) 



v 



vraMf 



« (242 GeV) 2 

(69) 

The quantity v ~ 242 GeV is known as the weak scale, that is the scale or dimensionful 
parameter associated with the symmetry breakdown SU(2)^xU(l)y — >U(1)em and the 
quantity which sets the scale of the W and Z° masses. In practice, one takes the 
independent inputs to be a, Mz, and Gp (the Fermi constant) measured in //-decay which 
can be related to g in terms of a and Mz- 



E. Additional Observations 



Let's close this section with two observations. First, the electroweak sector of the Standard 
Model contains a sizeable number of a priori unknown parameters. They are: (i) Gauge 
sector: g, Mz, e (3 parameters) (ii) Higgs sector: Mh (1) (hi) Fermion sector: lepton and 

quark masses (9) and CKM angles and phase (4) Hence, the electroweak sector presents 17 

independent parameters which must be taken from experiment. This is a fairly unsatisfying 
situation. In fact, one motivation for seeking a larger theory in which to embed the SM is 
to try and understand the origin of these parameters. 

Second, you may wonder why we refer to the weak interaction as "weak" , since its coupling 
constant g is not too different from the coupling for electromagnetic interactions. The reason 
for this terminology has to do with the low-energy properties of probability amplitudes for 
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various processes. To illustrate, let's compare electron-muon scattering with muon decay 
(jjT — > h>n+e~+v e ). The amplitude for the former, which is purely electromagetic, is governed 
by the photon propagator, which goes as 1/q 2 , where is the momentum transfer in the 
scattering. The /i-decay amplitude, in contrast, is governed by the Vy-boson propagator, 
which goes as l/(q 2 — M^). Since the energy released in /i-decay is tiny compared to M w , 
this amplitude goes as 1/M^. Thus, the ratio of the two amplitudes is 

WEAK q 2 



EM M 2 ^ 



« 1 (70) 



at low-energies. In short, low-energy weak interactions are "weak" in comparison to EM 
interactions because the W ± is quite massive while the 7 is massless. Note, however, that 
at higher energies, the strengths of the two interactions may become comparable. 



III. LOW-ENERGY TESTS OF THE STANDARD MODEL 

So far, considerable attention has been spent on the elegant structure of the Standard Model. 
It has been demonstrated how it provides a unified framework for weak and EM interactions 
based on gauge symmetry, allows masses to be generated by spontaneous symmetry breaking, 
accounts for parity and CP-violation, and explains the disparate low-energy strengths and 
ranges of the weak and EM interactions. The Standard Model also makes a number of 
predictions: 

1. Charged current interactions are purely left-handed 

2. Electroweak coupling strengths are universal 

3. The charged vector currents have a simple relation to isovector electromagnetic currents 

4. The weak neutral current is a mixture of SU(2)x and U(l) em currents, with the degree 
of mixing characterized by sin 2 6w 

5. Neutral current interactions conserve flavor 



20 



and so on. Low-energy experiments in nuclei and atoms have played important role in 
establishing these properties to a high degree of accuracy. The following is a review of some 
of the classic ways in which this has been done. 



A. Muon Decay 



The decay /i — > v^e v e is governed at lowest orderby the amplitude in Fig. El 




FIG. 3: Muon decay 



The amplitude is proportional to g 2 /M$y, a combination of constants that is related to the 
Fermi constant: 



Gj 



V2 8M, 2 



(71) 



ir 



Higher order corrections to this amplitude arise from 7 exchanges as illustrated in Fig. 0] 



The effect on the total muon decay rate of these purely QED radiative correction can be 
computed precisely. The result is 



1927T 3 



1-— (vr z - 
2tt 



25, 



m z 5 mfc 



(72) 



f(x) = 1 - 82 + 8x 3 - x 4 + 12x 2 ln(-) 
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FIG. 5: Electroweak radiative corrections to muon decay. 

The point of writing this expression is that if r can be measured very accurately, Gf can be 
extracted extremely precisely since all the QED effects can be computed. Moreover, since 
Gp is related to g and M w , it can be used as one of the three inputs into the gauge sector 
of the Standard Model. The muon life time is now known to the precision: 



From which one obtains 



r„ = 2.197035(40) x 10' 



G F = 1.16637(1) x 10" 5 GeV" 2 



For reasons which will become apparent later, let's denote this value of Gp — > G^. It is an 
experimental parameter. It can be related it to the gauge sector parameters of the Standard 
Model using equation (J71j) . However, at this level of precision, one must take into account 
electroweak radiative corrections shown in Fig. |S| The presence of these effects, which can 
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be computed in the Standard Model, is to modify (fTTj) : 

a 2 „ , . , G 



8M- 1 + A ^ • < 73 > 

where Ar^ denotes the corrections induced by the processes in Fig. One can then use 
relation (J75Jl to compute other electroweak observables where the value of g is needed very 
precisely, or to test the self-consistency of the electroweak measurements. Letting g = 
e/ sin 9w, e 2 = 4ira, and treating Ar M as small leads to 

Q = ™ ( U ) 

" V2M^sm 2 9 w (l-ArJ 

One can then take Mw& and sin 2 ^ from experiment, compute Ar M , and "predict" G M . 
In this case, one obtains! 



, +0.0005 . 

G = 1.1661(=f0.0018) x 10- 5 GeV~ 2 

-0.0004 



The level at agreement between this prediction and the result of r M is impressive, and sug- 
gests that the way one puts together the gauge sector of the Standard Model is right. 
Other features of the Standard Model can be tested with //-decay. For example, the outgo- 
ing e~ in /i~-decay should be left-handed. In the limit where one neglects m e , this implies 
h(e~) = — 1. Similarly, the Standard Model predicts h(e + ) = +1 in /i + -decay. The experi- 
mental limits are[?j]: 

h(e-) = -0.89 ±0.28 
h(e+) = +.94 ±0.08 

consistent with the Standard Model. 

Another handle on the Standard Model is to consider the decay of polarized muons. The 
rate can be written in terms of the so-called Michel parameters 



The rate is a function of: 



x = \fe\ 

\p e , max\ 
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and 6, the angle between p e and the jl spin. The parameters p and 5 characterize the 
spectral shape for large X, and rj characterizes the low energy region. The parameter £ is 
an asymmetry parameter that characterizes the strength of a term in the rate proportional 
to cos 6. The Standard Model predictions (for purely left-handed weak interactions) and 
experimental results areQ: 



Parameter 


Experiment 


Standard Model 




-1.0045 ± 0.0086 


-1.0 


P 


0.7578 ± 0.0026 


3 
4 


V 


-0.007 ±0.013 





5 


0.7486 ±0.0038 


3 
4 



Again, the level of agreement with the Standard Model is quite impressive. As in the case 
of Gfj,, one can use experimental results for the Michel parameters to put limits on possible 
physics "beyond" the Standard Model. Plans are currently being made to measure even 
more precisely, and a new experiment to determine the Michel parameters is being performed 
at TRIUMF by the TWIST collaboration. 



B. Pion Decay and Lepton Universality 



The reactions: 



7T T — > e v e 

7T+ -> fi+U^ 

occur at lowest order when a ud quark pair annihilates into a W + . According to the Standard 
Model, the coupling of the W + to a ud is proportional to: 

V ud d 1 ,(l- l5 )u = jc° (75) 
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where "CC" stands for "charged current." The matrix element of J^ c in the decay of the 
7r + is: 



<0|Jf> + (g) >=i 



(76) 



where F n ps 93 MeV is the it decay constant. It parameterizes all the strong interac- 
tion(QCD) physics responsible for binding the ud into a 7r + - physics one can't calculate 
reliably. Hence, F n is taken from experiment. The total rate for ir + — > in the Standard 
Model is: 



r = g 2 }^ 

M Air 

note that in the ratio of partial rates 



■F 2 m 2 m n 



ml 



mi 



R 



T(tt 



e/n 



T(tt — > fiu) 



(77) 



(78) 



the dependences on G^, \ V u d\ and F n cancel out. The only difference in the tt + — > ev and 
7r + — > Iv rates came from the lepton masses. Thus, the Standard Model makes a very precise 
prediction for R e /^, even after including electroweak radiative corrections of the type that 
enter Ar M . 

Importantly, the ratio is insensitive to the 7r =l= — > W + component of the decay matrix ele- 
ment, which is the same for both types of lepton final state. Hence, determining R e /^ is a 
way to test the Standard Model prediction that the W + — > e + u e and W + — > p^v^ couplings 
are the same, that is, universal. 

and TRIUMF 

ison of experiment (exp) with the Standard Model prediction (SM) yields 



10 



. The compar- 



e/n 



R 



ggj, = 0.9958 ± 0.0033(exp) ± 0.0004(theory) 



'e/n 

Note the impressive precision both of the experiment(~ 0.3%) and theory (0. 
result is a clear indication of the e-/x universality of the Standard Model. 



(79) 
The 
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C. Nuclear /3-Decay: Lepton-hadron CC Universality and CKM Mixing 



One of the classic and critically important nuclear physics processes used to test the Standard 
Model is nuclear /3-dacay. Nuclear /3-decay can occur via one of the following processes: 

n — > p + e~ + v e (80) 
p — > n + e + + u e (81) 

where the second reaction occurs when a proton is bound in a nucleus. As in the case of the 
7r-decay, the currents on the left hand side of these diagrams are given by: 

Charge lowering : ^—^ dj^l — 7 5 )u (82) 
2y 2 

Charge raising : ^-^uj^l - j 5 )d . (83) 

For the moment, let's focus on the vector part of the quark currents, omitting the constants 
g,V u d, etc.. One has: 

J+ = u llx d (84) 

J» = dl^ . (85) 
Compare these currents with the isovector EM current: 



Jl= 1 {EM) = Uu 1 ,u-d 1 ,d) (86) 



1 



2 

A compact way of writing Eqs. (|84M86|) is to use: 



Q 



Q 



ud 



So that 



J a = QluT-Q 



■ li «e i A 4 

n. 

w 2 



(87) 



Jl =1 = Qi^Q 
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Now an astute observer will realize that the set of currents ()87|) form an isospin triplet, 
satisfying the commutation relations: 

[I ± , Jl =1 ' EM ] = TJt (88) 

[Is, = ±2 Jj (89) 

where 

I fc = y d 3 xQ 7 oyQ (90) 

In short, {J^, Jj =1,EM } satisfy the same commutation relations as {I*,^}. Consequently, 
matrix elements of the currents (J84H86J) must be related in the same way as matrix elements of 
the isospin operators (up to angular momentum properties). This property of the Standard 
Model is known as the "conserved vector current" property, or CVC. It implies that: 

(i) Matrix elements of between nuclear states of different total isospin (I) must vanish. 

(ii) Matrix elements of Jq satisfy: 

<I,I Z ± ll^l/, I z >= [(/ =F I Z )(I ± I z + l]s (91) 

at q 2 = 0. A special set of nuclear decays sensitive to the matrix element (19 lj) are the 
"superallowed" Fermi decays involving transitions: 



(j- = oV,/ z ) ^(j- = o+,/,/,±i) 

Since the initial and final states have the same parity and zero total angular momentum, 
the axial current cannot connect them. Moreover, since the initial and final nuclear spins 
Jf — Ji — 0, only the vector charge operator can connect the two states. Letting Hfi denote 
the total transition amplitude, one has 

H ^ = ^ [{lTh){I±h + l)]h (92) 

so that 

\H fl \ 2 = 3^[(I T 4)(I ± h + 1)] (93) 
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at q 2 = 0. Amazingly, the value of \Hfi\ 2 for any superallowed decay depends only on the 
muon decay Fermi constant, \V u d\ 2 from the CKM matrix, and the isospin factor. In the 
expression for (J93|) . there appears no dependence on the nuclear wavefunction-no matter 
how complex it is! Thus, if one takes the rate for any superallowed decay and divides 
out the kinematical and the isospin factors, one should get the same answer as for any 
other superallowed decay. If this works, then the CVC prediction of the Standard Model 
is right. Moreover, by comparing this common rate with G M , one can test charged current 
universality for the leptons and quarks (the overall strength is ~ G^) and extract the quark 
mixing parameter \V u d\- Let's see how this works in detail: 
The differential decay rate is, from Fermi's Golden Rule: 



dT= 2 -^-\H fl \ 2 Pf 5(E 



E P — E,, 



(94) 



where E = is the energy released to the leptons and 

d 3 p e d?p v 

Pf (2nh) 3 (27rft) 3 1 } 

is the density of final states. As an aside, consider for the moment the possibility 3 that 
m Ve ^ 0. Putting in the factors of c, we have 



CPu 



(c 2 p 2 u + m 2 u c A )i 

n2 _2 4\' 



Integrating over d 3 p u gives 



2tt 



47T 



dr = ^-\HM 2 -r(E 



(El 



E n ? 



m'C) 2 



(96) 
(97) 



,2\2 



(E 



En) 2 



p 2 dp e dVL 



h ' " c 

Note that for a given detector setting which accepts all counts in a solid angle Afl 
sin 6A6Air, the number of electrons counted in a momentum slice Ap e is 



(98) 



AN = N( Pe )A Pe cc (E Q - E e ) 2 
Now let's think about a plot of 



(E - E e ) 2 \ 



P< 



oc (E - E e 



\m„c 



2\2 



(E Q -E e y 



(99) 



(100) 



3 In the SM, one has m„ = 0. However, the results from a variety of neutrino oscillation experiments have 
taught us that neutrinos have mass. 
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This graph is known as a Kurie plot The curve intercepts the x-axis at E e — Eq — tti v c . 
Thus, deviations from linearity at the "endpoint" would indicate m„^0. One of the most 



precise upper limits on neutrino mass comes from analyzing the endpoint of the decay 



121: 



He + e + v e 



(101) 



which yields m„- e < 15eV. So until recent observations of neutrino oscillations, nuclear 
/3-decay confirmed at a very high level that m v = as implied by the Standard Model: 



< 3 x 10" 



(102) 



Now, back to super allowed decays. Converting dp e to dE e and putting in all the ffs and 
c's, we have 

dV ( 1 



\H ft \ 2 



dE e \2ix ? % A C t 

x E e [El-{m e c 2 f]^{E Q -E e f 

after integrating over dfl e . Letting e = E e /m e c 2 : 



[m y c 2 ) 2 



(E — E e 



(103) 



dT 

de 



5 4 

rate 



H fl \ 2 e(e 2 -l)He -e) 



X 2 

(eo~e) 2 \ 



where A = m Ue /m e . Now, we should correct for the fact that the outgoing electron wavefunc- 
tion is distorted by the nucleus and other atomic electrons. One can solve for the appropriate 
correction factor very precisely. Let's denote this factor by F(Z,e). Multiplying ()104j) by 
this factor and integrating over e gives the total rate: 



r 



H fl \ 2 f(Z) 



where where f(Z) results from including f(Z,e) in the integral. For H 
the Standard Model value for \Hfi\ 2 is e- independent and is given by: 



\H 



G 2 

-^\V ud \ 2 [(lTl z )(I±I z + l)}x2 



(105) 

+ transitions, 
(106) 



as in Eq. (|93jl . so that 



5 4 

m°c 



7 )Gl\V ud \ 2 [(lTl z )(I±I z + l)}f(Z) 



(107) 
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The additional factor of 2 in Eq. (|106J) results from the purely leptonic part of the matrix 
element. Now an aside on units. The quantity G At (m e c 2 ) 2 /(/ic) 3 is dimensionless. Thus, the 
dimensions of (|1U5|) are 



[r] 



G 



{m e c ) m P c 



" (he) 



h 



(108) 



while 



m e c 2 m e c 2 

— = ^c- XC ■ (109) 
Thus, [m e c 2 /h} = (MeV/MeV/) x (f/s) — 1/s, so the dimensions work out just right, with 
T having the dimensions of a rate. The time dependence of decay is described by: 

N = N e~ rt . (110) 
For t — 1 1 denoting the half-life, at which time N — Nq/2 we have 

rti=ln2 (111) 

2 v ' 

or 

/27r 3 hi2fr 7 \ 11 

th - y m 5 C 4 ) Gi\v ud \ 2 [(i T Q(i±i z + i)] ' (112) 

The quantity in Eq. ()112|) is called the "ft" value for the decay. It turns out that for all 
the experimentally studied superallowed transitions, the isospin factor in the denominator 
of Eq. ()112|) is the same. Thus, the ft values should be the same for all + — > + transition 
if CVC is right. In fact, nine superallowed decays have been studied. The "ft" values for the 
decays agree at an impressive level of precision. Thus, to an extremely high precision, the 
SU(2) character of the weak charged currents are confirmed by nuclear /3-decay. One last 
important feature: the superallowed decays can test lepton-quark universality of the charged 
current weak interaction and the unitarity of the CKM matrix. To see how, let: 

Gf — G>|Kd|(l + Ar,g - Ar M ) , (113) 

where Arg and Ar M denote radiative corrections to /3-decay and //-decay, respectively. The 
correction Ar^ appears because of higher-order effects in the semileptonic (d — > ue~v e ) 
amplitude. On the other hand, — Ar M appears because the Fermi constant has been taken 
from the muon lifetime, and we need to subtract out radiative corrections to the muon decay 
amplitude because they are contained in G^ but don't affect /3-decay. These corrections 
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must be computed from the Standard Model. Using the result of these calculations and the 
experimental muon lifetime and /3-decay ft values, we have: 

G F = 1.16637(1) x 10" 5 GeV~ 2 (114) 

and 

\Vud? = n tz ■ t ~ —- = 0.9740 ± 0.0005 . (115) 

G M (1 + Arp - Ar M ) 

From Ke 3 and hyperon decays we have \V US \ = 0.2196 ± 0.0023 while 5-meson decays give 
\V ub \ = 0.0032 ± 0.009 . Now unitarity of the CKM matrix requires: 

\V ud \ 2 + \V US \ 2 + \V ub \ 2 = 1 . (116) 



The experimental results give: 



|Kd| c 2 xp + |K s | e 2 xp + |K 6 |exp = 0.9968 ±0.0015 , (117) 

corresponding to a 2.2 a deviation from the SM requirement of CKM unitarity. 
Note that at the one percent level, charged current lepton-quark universality and CKM 
unitarity are confirmed by /3-decay, //-decay, i^-decays, and B-decays. However, at the 
level of precision now achieved by experiment, these features of the Standard Model almost 
hang together-though not quite. There is a hint that maybe there is more to the electroweak 
interactions than the Standard Model, and that this "new physics" may be responsible for 
the very tiny derivation from lepton-quark universality and CKM unitarity. As an aside, one 
might wonder why one chooses to focus on nuclear decays rather than the decay of the free 
neutron. In fact, r n has been measured very precisely: 

r n = 886.7 ± 1.9s . (118) 

However, it is a more complicated matter to extract G F from these decays. Because the 
neutron has spin 1/2, both the vector and axial vector weak quark currents contribute to the 
decay rate. The axial vector current is not protected by a CVC type symmetry, and it gets 
important renormalizations due to the strong interaction. At present, we cannot compute 
these strong interaction effects with the kind of precision we'd need in order to extract 
\V u d\ 2 from r n alone. In order to circumvent this problem, one can perform measurements of 
parity- violating asymmetries associated with, e.g., the direction of the outgoing e~ relative 
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to the direction of neutron spin. Knowing both r n and one of these asymmetries allows 
one to determine separately the vector and axial vector contributions. From the former, we 
can obtain a value for \V u d\ 2 without having to worry about incalculable strong interaction 
effects. 

It is only recently that experiments have begun to determine these asymmetries with the kind 
of precision needed to determine \V u d\ 2 with the same precision as obtained from + — > + 
decays. At present, there is an active research program underway at Los Alamos that will 
use polarized, ultracold neutrons to measure the /3-decay asymmetries. The goal of this 
program is to match or even exceed the precision on \V u d\ 2 obtained from the superallowed 
decays. 

D. Parity violating DIS and Weak Neutral currents 

So far, we've seen how low energy experiments have provided important confirmation of 
several features of the charged current weak interaction. What about the weak neutral 
current? 

There exists a basic difficulty in this case. Nature has given us two neutral currents, the 
electromagnetic (EM) and weak neutral current (NC): 

j° m = Ew ( ll9 ) 

j r = , (120) 

/ 

where the sum runs over all species of fermions, Qf denotes the EM charge of fermion /, 
and g(r (g^) is the vector (axial vector) coupling of / to the Z° boson. In a low energy 
charge neutral process, amplitudes associated with both enter. So the problem will be how 
to separate them. 

To be concrete, consider the scattering of electrons from quarks inside a hadronic target. 
The total amplitude for the process of eq scattering is: 

M = M EM + M NC , (121) 
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while the cross section is oc |M 2 |: 

\M\ 2 = \M EM \ 2 + 2Re(M EM M NC ) + \M NC \ 2 . (122) 
Consequently, the neutral current cross section can be separated into three terms: 

a tot = a EM + ^int + a NC (123) 

Here, and a NC denote the purely electromagnetic contribution, the part arising 

from the interference of EM and weak NC amplitudes, and a purely weak NC contribution 
(corresponding to the three terms in (|122j) . The coupling strengths entering the ampli- 
tudes are e for the EM amplitude and gMz/^Mw for the weak NC amplitude. With this 
normalization one has : 

g f v = 2T( -AQ f sin 2 6 w (124) 
g{ = -2T( . (125) 



This allows us to write: 



2\ 2 / a \ 2 



\Mem\ 2 k(-) ={-jr) , (126) 

ii) 2 (^-) 2 Jl2 L -2 ( 127 ) 



2 x 



q 2 J \AM W J M z z -q 2 
Ana G, 



at q 2 = 0, and 

\M NC \ 2 oc 



q 2 2V2 



L w 



1 2 G 2 

rv 

AM W ' M 2 -q 2 



gM z , 2 1 



oc -f (128) 



at q = 0. Now consider the relative strengths of the corresponding cross sections at low- 
energies. The ratio of the interference cross section <r mt to the EM cross section a EM goes 
as 

_ 2Re(M* EM M NC ) G, q 2 
a EM \M EM \ 2 V247ra 1 ] 

Letting \q 2 \ oc (lGeV) 2 oc m 2 (units where Ti = c = 1) be a typical momentum transfer for a 

low-energy scattering reaction, we have 

a « — (130) 
137 V ; 

1(T 5 

G, r , (131) 
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leads to: 



_int 



a 



EM 



10" 



(132) 



The magnitude of a jo EM is even smaller. So how is one ever going to see weak neutral 
current effects at low energies? The basic idea is to use the fact that M^c contains pieces 
that are odd under parity, where as Mem is parity even. Letting 



one has 



EM 



J, 



NC 



vl = Hf 

^ E<W 



(133) 
(134) 

(135) 
(136) 



Now, let's look at the e-q amplitudes again, as illustrated in Fig. EJ In schematic terms, one 

e q e q 





FIG. 6: Electron-quark scattering diagrams 

has 

M EM ~ QeQqVe ■ V q (137) 
Mnc ~ ^j=\g e v g q vVe-V q + g e A g q A A e -A q 

+g e v g A V e -A q + g A g< 1 v A e -V q } (138) 

The last two terms in M^c transform as pseudoscalars; they are odd (change sign) under 
parity. All the other terms in Eqs. f?? U38j) are parity-even. Thus, to the extent that one 
can experimentally isolate these terms by measuring an observable which is parity-odd, one 
has a way to "filter out" the much larger EM interaction and get one's hands on the effects 
of the weak NC. 
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Now consider the following experiment. A beam of electrons with with spin and momentum 
vectors parallel (helicity h = +1), elastically scatter from a nucleon. Subsequently, the 
incident electron's spin is flipped, so that its spin and momentum vectors are anti-parallel 
(h = —1). One may then form the helicity- difference or "left-right" asymmetry: 

AlR ~ N(h = +l) + N(h = -l) ' (139) 
where N(h) denotes the number of events for electrons having incident helicity h. Since 
h = s ■ k — > —s ■ k under parity, the asymmetry Alr must be proportional to the parts of 
\M\ 2 which contain pseudoscalars. In fact, one has 

2Re ( M EM M^c ) „ 2Re(M* EM M™) 



A 



LR 



\M EM \ 2 + --- \M EM \ 2 

,e „1 T/ A i „1 



G,q 2 g e v g q A V e -A q + g^ v A e -V 1 



QeQqVe ■ V q 

Here I have not performed a sum over quark spins nor integrated over energies, angles of the 
outgoing quarks, etc. The expression is essentially schematic, illustrating the basic physics 
ingredients in the asymmetry. Now, it takes a little algebra to perform this calculation, but 
it is doable. In addition, one can analyze e~N or e~A scattering as if one were scattering 
off individual quarks and then summing over different types of quarks in the nucleon. To do 
this one needs to work in a kinematic regime where 

W 2 = (P target + q) 2 = q 2 + 2M t v + M 2 » M 2 (141) 

where v = go is the energy transfer to the target (having mass Mt), which is just the energy 
loss of the electron. 

This kind of experiment is called deep inelastic scattering (DIS). One of the first experiments 
to test the neutral current structure of the Standard Model was carried out at SLAC in the 
1970's using parity- violating (PV) DIS from a deuterium target Q]. The L-R asymmetry 
for this scattering is: 



where: 



i + (i- y y 



(142) 



1 20 
di = -g e A (2g^ - <#) = 1 - — sin 2 9 W (143) 

d 2 = l -g e v (2g u A - g d A ) = 1 - 4 sin 2 6 W (144) 
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and 



y = y ( 145 ) 



in the lab frame. The SLAC experiment was carried out at four energies in the range: 



16.2 > E e > 22.2 GeV 
< Q 2 > = 1.6 (GeV/c) 2 . 



The Alp> was measured as a function of y, which allowed a separation of d\ and a 2 . The 

■>w'- 



best fit to the results can be used to extract a value of sin 2 9i 



sin 2 9 W = 0.224 ± 0.020 . (146) 

Note that sin 2 9w ~ \ which implies that d 2 ~ 0. This result corresponds to A LR having 
almost no dependence on the kinematic variable y. Thus, the SLAC data is consistent with 
the Standard Model picture of SU(2)z, and U(l)y mixing in the neutral current sector with 
the mixing parameter, sin 2 9\y, being close to -g. At the time the experiment was performed, 
there existed competing electroweak models which predicted a more dramatic ^/-dependence 
of A LR . These models were ruled out by the results of this experiment. 



The SLAC value for sin 2 9w was later confirmed in a series of purely leptonic experiments 

Vn + e — > Vp + e 
v^ + e v^ + e 
v e + e — > v e + e 
e + e~ fi + fi~ , 

where the last measurement involved studying the the forward-backward asymmetry. Taken 
together, these leptonic experiments implied that sin 2 9w ~ 0.22, in agreement with the 
SLAC result. Thus, lepton-quark universality also holds for the neutral current sector of 
the SU(2)l x U(l)y theory, with a common set of couplings (g,g') and mixing parameter 
(sin 2 9\y) governing both leptonic and semileptonic interactions. 
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E. Atomic PV and Weak Neutral Currents 



Additional confirmation of the Standard Model structure of the weak neutral currents comes 
from atomic physics, where one looks for PV asymmetries associated with the weak interac- 
tion between atomic electrons and the nucleus. In fact, one of the most precise determina- 
tions of the weak neutral current eq interaction has been performed by the Boulder group 
using atomic parity-violation (APV) in cesiumQ]. The idea behind these experiments was 



developed by the Bouchiats 16j in Paris in the mid 1970's-about the same time the SLAC 
experiment was underway. 

As in the case of PV DIS, the use of APV to get at the weak neutral current relies on an 
interference effect between the parity violating weak neutral current atomic matrix elements 
and the electromagnetic matrix elements. However, unlike PV DIS, APV relies on a coherent 
sum over the individual electron-quark amplitudes. The basic physics is that an atomic 
electron interacts with the nucleus by exchanging both a 7 and a Z° boson. The probability 
amplitude for the PV part of the latter is 

M PV ~ < N\ J29vV q \N > +g v V e - < N\g\A q \N >} . (147) 

v q 

This amplitude, which contains two distinct terms, causes the atomic states of the opposite 
parity to mix. In the atomic Hamiltonian derived from this amplitude, one finds that the 
first term is dominated by the time components of the currents, whereas the second part is 
dominated by the space components. For the first term, we have 

< N\Y,9vVt°\N>=< N\Y,9U +( l\ N > ■ ( 14 §) 

q q 

Now q^q just counts the number of quarks of flavor q. Thus the matrix element (J148)) gives: 

<N\J29 q v Vf=°\N> = (2N + Z)g d v + (2Z + N)g u v (149) 
q 

= N(2g d v + g v ) + Z(2g v + g d v ) = Q w , 
where Qw is the "weak charge" of the nucleus. Now 

9v = -1 + ^sin 2 ^ (150) 
9 d v = 1-jjsin 2 ^ (151) 
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so that the weak charges of the proton and neutron, respectively, are 



Qw = 2g v + g d v = l-4sm 2 9 w (152) 

Qw = ig d v + g u v = -i ■ (153) 

In terms of these quantities, the weak charge of an atomic nucleus is 

Qw = NQ n w + ZQ P W (154) 
= -N + Z{1 -4sin 2 w ) . (155) 

Note that sin 2 Q w ~ 0.231 so that Q p w = 1 — 4sin 2 9 W ~ 0.1 whereas = —1. Hence, in 
contrast to the 7 charge couplings Q P EM = 1 and Q\ M = 0, the Z° has a vector coupling 
to the neutron of strength unity and a tiny coupling to protons. In short, the 7 see mostly 
protons, whereas the Z° sees mostly neutrons. Now using g e A = 1 the first term in ()147j) 
becomes: 

" Qwe + l 5 e (156) 
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The second term is more complicated, since < N\ A^\N > is not coherent and depends on 
the nuclear spin(the first term does not). Moreover, g v = — 1 + 4 sin 2 6 W further suppresses 
this term. 

To get some intuition into the structure of the resulting Hamiltonian, one can take the limit 
of a non-relativistic electron in the field at a point like nucleus: 

H w v = H W V (NSID) + H W V (NSD) (157) 

where 

H W V (NSID) = ^J-Q w {a-p,5 3 (r)} (158) 
4y 2 m e c 

H W V (NSD) = -^ — (l-4sm 2 9 w )g%{f-P,5 3 (r)} . (159) 
4y 2 m e c 

So how does an experiment which probes these interactions actually work? The most precise 
result is from APV in cesium, which has Z = 55 and N = 78. The ground state of the atom 
is a 6S state. The PV interaction ()157|) mixes a bit of the 6P state into this S state. Similar 
mixing occurs for the excited states. Now, what the Colorado experiment does is apply an 
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external electric field, which causes mixing of the S and P states due to the Stark effect. In 
this case, one can obtain an El transition which is proportional to E. The atoms are excited 
into the 7S state with circularly polarized light and the transition rate is measured. This 
rate can be expressed as: 



T{6S -> 7S) = (3 2 E 2 e 2 



1 + K ElpV £a 



(160) 



PE e z 

where (3 is the Stark-induced amplitude, K is a geometric factor (dependent on the m- 
quantum numbers), e x>z are laser polarization components, and (El)py is the PV- induced 
amplitude. By reversing E or the laser polarization, one can experimentally isolate the 
interference term containing Elpy. 

It also turns out that one can experimentally isolate the effects of H(NSID), containing 
Qw-i an d H(NSD) by looking at sums and difference of the rates for different El hyperfine 
transitions. When all is said and done, one then can extract the following quantity: 

iQw , (161) 

where £ is a quantity which depends on an atomic calculation of the PV atomic mixing 
matrix element 

<P 1/2 \{a-p,5 3 (7)}\s 1/2 > . (162) 
Taking into account the latest atomic theory computations of £, the result of the Boulder 



measurement gives |17l] : 

Q^p = -72.81 ± 0.28(exp) ± 0.36(atomic theory) , (163) 
whereas the Standard Model prediction for Q w is 

= -73.17 ±0.03 . (164) 

Until recently, the values of Q c ^ and Qw differed by up to more than two standard devia- 
tions. However, in the past year, atomic theorists have included have included some rather 
subtle, nucleus-dependent effects in the radiative corrections that have changed the value of 
£ and moved the weak charge into agreement with the SM prediction. Thus, taken together 
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with the SLAC experiment and the low-energy charged current measurements discussed ear- 
lier, cesium APV provides a substantial vote of confidence in the essential ingredients of the 
Standard Model. 

IV. PHYSICS BEYOND THE STANDARD MODEL 

As the previous sections have tried to illustrate, low-energy experiments in nuclear and 
atomic physics have played an important role in verifying some of the basic ingredients of 
the Standard Model. Of course, tests have been performed over a wide range of energy 
scales, with some of the most decisive having been carried out at high energy colliders. The 
existence of the W and Z° bosons was discovered in collider experiments at CERN, while 
measurements in e + e~ collisions at center of mass energies y/s ~ 90 GeV - both at CERN 
and at SLAC - have tested the properties of the neutral current sector of the Standard Model 
with sub-one percent precision. Similarly, the discovery of the top quark in pp collisions at 
the Tevatron represented an important triumph for the Standard Model, since the mass of the 
top quark is consistent with what one expects based on the m t -dependence of electroweak 
radiative corrections to a variety of other measured electroweak observables. From these 
standpoints, the Standard Model has been an enormously successful theory. 

Nevertheless, there exist many reasons for believing that the Standard Model is not the end 
of the story. Perhaps the most obvious is the number of independent parameters that must 
be put in by hand. As we saw earlier, the electroweak sector of the theory alone contains 17 
a priori unknown parameters. The SU(3)c sector (QCD) introduces two more, the strong 
coupling, g s , and 9. The latter parameterizes a term in the Lagrangian: 

L QCD = 0^ GTG ~a (165) 

G^p = e^apG 01 , (166) 

with G a v being the gluon field strength tensor and a = 1, . . . , 8. Note that Lg is both a 
pseudoscalar and odd under time reversal. It is also even under charge conjugation, so the 
interaction ()165|) is CP-violating. Measurements of the electric dipole moment of the neutron 
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and neutral atoms imply that 9 < 1CT 9 — 1CT 10 . This seems "un-natural" , given the size of 
the other parameters in the Standard Model. Hence the questions: 
What is the origin of the various parameters in the Standard Model? 
Why do they have the values one observes them to have? 
Why is Oqcd so tiny? (This is the "strong CP Problem") 

There exists already some need to go beyond the Standard Model simply to answer these 
questions. But there is even more motivation: 
1. Coupling Unification 

There exists a strongly held belief among particle physicists and cosmologists that in the 
first moments of the life of the universe, all the forces of nature were "unified", that is, they 
all fit into a single gauge group structure whose interaction strengths were described by a 
single coupling parameter, gy. It is a remarkable idea, and an intellectually appealing one. 

The scenario goes in the following manner: as the universe cooled down, spontaneous sym- 
metry breaking occurred, giving gauge bosons masses and changing the way the interaction 
strength for various forces evolved or "ran" down to lower energies/temperatures. To see 
how this idea works, one must work out how the couplings (which are not constants!) run 
with the energy scale, \i. The origin of this running is renormalization. Fermion and gauge 
boson wave functions, as well as interaction vertices, get the following contributions as seen 
in Fig. [7|for the vertex, Fig. |H]for the fermion wave function and Fig. El for the gauge boson 
wavef unction. 




FIG. 7: Lowest order diagrams for the renormalizing the gauge boson-fermion vertex. 
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FIG. 8: Lowest order diagrams renormalizing the fermion wavefunction. 




FIG. 9: Lowest order diagrams renormalizing the gauge boson wavefunction. 

Each of these diagrams is infinite. This means that the theory was not constructed correctly 
to begin with, and some redefinitions must be made: 

K -> Ko = v^K ( 167 ) 

9 -> 9o = 9- 



Z2V Z3 

The constants Zi are defined in such a way that when one computes the loops with the 
redefined quantities and add them to the tree level quantities, one gets a finite answer. The 
only hitch is that in making these definitions one has to specify the energy scale /x at which 
one is working. Hence: 

Zi = Zi(ji) (168) 

This is because the graphs depend on /i. Now, the Lagrangian can't depend on /j; it must 
hold for all scales. Since the Lagrangian depends on the "bare parameters", ipo, W£ , and 
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go, these parameters can't depend on \i either. Thus, one has: 

tiS-9o = (169) 

Oft 

Comparing f)167j) and ()169|) one sees that g must vary with /x in order to compensate for the 
//-dependence of the Zj. Thus, one obtains 

(1T0) 

where (3(g) depends on the group structure and fermion content of the theory. It dictates 
how g(n) runs with /i. This relationship between g(/j,) and (3(g) is known as a renormalization 
group equation. One can just as well convert Eq. (|17U|) to an equation for the running of: 

<w) = An , 

where the subscript k indicates the gauge group to which pertains. The renormalization 
group equations for the running of are , 

d_ _i _ _h_ 
dt Qk ~ 2tt 

where t = ln(///// ), Ho is a reference scale, and 

bi = 20' 9i = y-3 9 

1 19 

02 = — -, 92 = g 



h = -7, = ^ 

We can see that ol-i (/i) and ^(/i) - the couplings for the non-Abelian groups - decrease 
with h whereas the U(l)y coupling increases with fi. In the case of QCD, this feature is 
known as asymptotic freedom. 



If one were to plot the running couplings as a function of /i, one would see that the three 
Standard Model couplings almost meet at a common point around \x ~ 10 16 GeV, but not 
quite. This result is tantalizing from the standpoint of unification. It is one of the motivations 
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for believing something else is out there, as this something else could modify the running of 
the couplings and produce unification 4 . 



An aside on some terminology: One often hears reference made to the high-energy "desert." 
This desert is the region in \i between the weak scale, 

M wcak ~250 GeV/c 2 (171) 

and the scale where one believes gravity becomes strong. The obvious parameter which 
defines this scale is Newton's gravitational constant, 

G N = 6.67259(85) x KT 11 m 3 kg~ l s 2 (172) 

From this one may define the Planck mass: 



M pi = \\^- = 1.22 x 10 19 GeV/c 2 . (173) 
V On 

The "desert" then refers to the region 

M weak </i<M pl . (174) 

The interest in looking for physics beyond the Standard Model, or "new" physics, is really 
about learning what else lies in the desert. If, in fact, the desert is just that - a particle 
physics wasteland devoid of anything new - then one seemingly cannot get unification. 
2. The hierarchy problem 

Suppose there does exist some new particle or particles in the desert having mass m » 
Afweak- To be concrete, suppose the particle is a fermion. Presumably, this particle interacts 
with the Higgs boson, which is responsible for particle masses. This interaction will affect 
the mass of the Higgs through higher order diagrams. After renormalization, this diagram 
yields a finite contribution to the mass of the Higgs: 



3|A f | 2 2 ii 
— —m f ln — 
8n 2 J nif 



dm 2 H = -^-mjln-^- + ... (175) 



4 I have not discussed how the gravitational interaction gets incorporated into unification. That is a separate, 
very difficult problem, for which string theory may ultimately provide a solution. 
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Now, we know that m# itself must be on the order of M wea k or below. The reason is that 
one can rewrite the Higgs potential as: 

= -/i 2 $t$ + A($ f $) 2 

= --m 2 H &<$> + A($ f $) 2 (176) 



with 



2 

mf 
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M weak = v = ( ^ ) - 250 GeV/c 2 (177) 



or m# ~ v2A x 250 GeV/c 2 . It would be unnatural for A (a dimensionless quantity) to be 
significantly different from unity, so one expects that tuh ~ M wea k. On the other hand, if 
rrif » M weak , one has 5m 2 H » m 2 H ~ M 2 egk \ In short, any particles which exist deep in 
the desert give huge corrections to rrin, making it unbelievable that m# comes out close to 

-M weak . 

To put it another way, the electroweak scale is destabilized by radiative corrections involving 
heavy particles. It starts out at ~ 250 GeV/c 2 at tree level but grows as heavy particles 
come into the theory. This is not a desirable situation for any good theory. The problem 
is known as the "hierarchy problem": How does the weak scale remain stable if the desert 
becomes populated? 

Another aspect of the hierarchy problem is the spectrum of the Standard Model masses 
themselves: 

M W eak ~ M w ,z ~ m t op » rn b » m T » m e » m v (178) 

How does one explain this hierarchy of masses? The Standard Model gives us no clue as to 
how to handle the hierarchy problem. Evidently, something new is needed. 
3. Quantization of Electric Charge 

Q = Tt + \ (179) 



Recall from Eq. (El that 



For any particle, T 3 L is quantized in integer or half-integer units. This follows from the 
algebra of SU(2): 

[Ti,Tj] = ie ijk T k . (180) 
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One the other hand, a U(l) group has no such algebra, and therefore the eigenvalues of 
the group generator Y are not restricted. Equation (|179[) . however implies that Y must 
take on integer values for leptons and fractional values for quarks, in order to reproduce 
the known fermion charges. This seems rather arbitrary from the standpoint of symmetry. 
Why, then, is Y - and therefore Q - also quantized? The Standard Model does not motivate 
electromagnetic charge quantization, but simply takes it as an input. The deeper origin of 
Q quantization is not apparent from the Standard Model. 

4. Discrete Symmetry Violation 

By construction, the Standard Model is maximally parity- violating; it was built to account for 
observations that weak c.c. processes only involve left handed particles (or right handed anti- 
particles). But why this mismatch between right-handedness and left-handedness? Again, 
no deeper reason for the violation of parity is apparent from the Standard Model. 

Similarly, the Standard Model allows CP-violation to creep in two places: 

(i) a phase in the CKM matrix 

(ii) the QCD 9 term 

Already the 9 mystery has been discussed; it is incredibly tiny for no obvious reason in the 
SM. What about 5, the CKM phase factor? Where did it come from? In some sense, its 
appearance is an artifact of the mathematics for three generations of massive quarks. But 
the reason for the existence of three generations, and again the magnitude of the phase 
factor is not explained by the Standard Model. It would be desirable to have answers to 
these questions, but it will take some new framework to provide them. 

5. Baryon Asymmetry of the Universe (BAU) 

Why do we observe more matter than anti-matter? This is a problem for both cosmology and 
the Standard Model. To quantify this problem, let % = — nj,, difference in the number 
of baryons and anti baryons per unit volume, and let n 7 be the photon number density at 
temperature T. Standard cosmology makes very accurate predictions for the cosmological 
abundance of H, 3 He, 4 He, 2 H, B, and 7 Li given that rj = 7ie/n 7 has been constant since 
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nucleosynthesis. The primordial abundances of 2 H and 3 He imply: 

3 x KT 10 < 77 < 10 x 1(T 10 (181) 

If 77 = at the Big Bang, then standard cosmology implies that 77 < 10 -18 - much smaller 
than the range in (j!81|) . Hence, the early universe must have 77 7^ to explain primordial 
element abundances. 

What is the connection to the Standard Model? It was provided by Sakharov, who pointed 
out that a non- vanishing 77 may exist in the early universe if: 

(i) Baryon number is violated (ii) Both C and CP are violated (iii) At some point, there has 

bee a departure from thermal equilibrium. These are known as the Sakharov criteria 
The reason for (i) is clear. The violation of both C and CP is needed so that: 

T (baryon production) 7^ T(anti — baryon production) 

The third Sakharov criterion is needed to get a non-zero thermal average of B. Now, it is 
known that in the Standard Model, B+L is broken by instanton effects. Similarly, the Stan- 
dard Model has maximal C-violation. Consider, for example, the charged current interaction 

The axial vector part of this interaction is C-odd because 

CP violation enters via the CKM phase factor § as well as the 9 parameter. As noted earlier, 
9 is incredibly tiny - far too small to provide the necessary amount of CP-violation for the 
baryon asymmetry. Similarly, the magnitude of 5's contribution to the baryon/antibaryon 
asymmetry is significantly smaller than needed to produce the required value of 77. 5 Thus, 
if one is going to live within standard cosmology, one needs additional sources of large 

5 The magnitude of this contribution depends not only on 5 but also on the other angles appearing in the 
CKM matrix. 
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CP- violation beyond the Standard Model to explain BAU. 



To summarize, despite the triumphant successes of the Standard Model, there exist concep- 
tual motivations for believing that there is something more, that the high energy desert is 
not so barren after all. 

One of the goals in experimental high energy physics - as well as in precision low energy 
electroweak experiments - is to go looking for new physics. In fact, the results of these 
searches can constrain the new physics scenarios people have invented, or at least dictate 
what some of the parameters in these scenarios must be. Some of the most popular such 
scenarios include supersymmetry (SUSY), extended gauge symmetry, and extra dimensions. 
The appeal of SUSY is that it provides a natural solution to the hierarchy problem, produces 
unification of gauge couplings, and contains new CP- violating effects that could help produce 
a sufficiently large BAU. Extended gauge theories, on the other hand, can also produce 
gauge unification, provide a natural mechanism for electric charge quantization, and and 
can account for the violation of parity invariance in low-energy weak interactions. Finally, 
the idea that we live in more than four spacetime dimensions - which has been motivated 
by string theory - gives an alternative solution to the hierarchy problem than contained in 
SUSY. The implications of this paradigm for the phenomenology of electroweak interactions 
is now a lively area of research in particle physics. 

Given the scope of these lectures, I do not have the time and space to discuss these scenarios 
in any depth. At the very least, however, I hope to have provoked your curiosity and 
motivation for learning more about them. We should always keep in mind, that however one 
seeks to extend the Standard Model, one should take care to respect the basic ingredients of 
the Standard Model and its phenomenological successes: 



Gauge symmetry 

Universality 
V-A dominance 
Quark Mixing 
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neutral currents and sin 2 9w 
conserved vector currents 
etc. 



Any deviations from the Standard Model predictions based on these ideas must be small, and 
any new physics scenario must explain why it only produces small deviations in a natural 
way. 
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